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SURVEY OF "PWE EXPERIE?Em& CAPABILITIES OF THE 

Q.N.EeR.A. H'WRODYNAMPC TUNNEL, 

WHICX OFFERS FLOW VPSUaIZATION 

ABSTRACT, Various publ ica t ions  have a l ready descrfbed LI;" 
th& 0 .N.E.R.A. hydrodynamic tunnel''' f o r  t h e  v i s u a l i z a t i o n  

4 of low-velocity flow (R % PO ) and some of i t s  app l i ca t ions  
t o  t h e o r e t i c a l  and experimental aerodynamics [2] and [31. 

After  a review of the  condit ions i n  which t h i s  "water 
wind-tunnel" is  used, t h i s  r epor t  d iscusses  i ts  present  ex- 
perimental c a p a b i l i t i e s  and descr ibes  severa l  examples sf 
recen t  research.  

d 

1. Introduct ion 

Although i t  is d i f f i c u l t ,  ' i f  no t  impossible, to have complete correspon- 

dence between hydrodynamic and incompressible aerodynamic flows, experience 
4 

shows t h a t  tests i n  low-velocity water (R % 1 0  ) can, i n  many cases ,  provide 

very i n s t r u c t i v e  "pictures" of the  aerodynamic f i e l d ,  and use fu l  in.fomaticsn 

about complex phenomena which a r e  d i f f i c u l t  t o  r evea l  i n  a i r .  Experience 

shows t h a t  the  system has achieved one of the  design goals  of Maurice Roy, 

Director  of O.N.E.R.A. i n  projec t ing and bui ld ing t h i s  extremely economical 

tunnel a t  Chat i l lon .  

-- -- 

* 
Numbers i n  the  margin i n d i c a t e  pagination i n  t h e  o r i g i n a l  fore lgn t e x t ,  

( l l ~ u r i n g  the  study, the  c l a s s i c  techniques i n  t h i s  a rea ,  c h i e f l y  the  
works of Marey, Nogues, Toussaint ,  Carafol i ,  Favre, Valensi ,  Char t i e r ,  Bourot,  
Sackmann, and others  [1] have been use,d extensively.  



I n  p a r t i c u l a r ,  i t  has been confirmed t h a t  experimentation i n  water, 

o f t e n  more p r e c i s e  and more d e l i c a t e ,  and here  much less c o s t l y  than. in agar, 

represen t s  f o r  many cases one of the  b e s t  methods of study, p a r t i c u l a r l y  for 

c e r t a i n  b a s i c  research.  Of course, the  hydrodynamic tunnel  cannot replace 

a l l  o ther  experimental techniques; P t  can near ly  always complement them, 

. ?  The O,N,E.R.A, tunnel  i s  character ized by t h e  g r e a t  s fmpl ic i ty  of the 

apparatus and operat ing procedures. It provides t h e  tests which a r e  basic 

t o  a l l  v a l i d  experimentation: 

- tests of the  device accuracy by obl igatory  r e p e t i t i o n s  of the runs; 

- tests of the  v a l i d i t y  of the  v isuaPizat ion methods wi th  the  aid of 

constant  cross-checks among t h e  d i f f e r e n t  procedures. 

By means of these  precautions,  i t  is  poss ib le  t o  ca r ry  o u t  s y s t e m t i c  

tests which, f o r  each study, r e v e a l  t h e  Plow mechanism and the  inf luence  s f  

t h e  p r i n c i p a l  parameters. 
# 

These p rec i se  r e s u l t s  can lead t o  valuable  comparisons wi th  theory, or 

with  experimental r e s u l t s  obtained in another way under condit ions similar 

t o  those of t h e  tunnel: incompressible f l u i d ,  laminar flow, e t c ,  

They a r e  only q u a l i t a t i v e  ind ica t ions  when these  condit ions a r e  clearly 

d i f f e r e n t .  I n  t h i s  case, t h e i r  co r rec t  i n t e r p r e t a t i o n  and t h e i r  t r a n s f e r  t o  

aerodynamics become t r i cky .  

2. Experimental Techniques / 2 
v 

2.1. - The tunnel  (Figure 1 )  - - - 

The tunnel,  b u i l t  according t o  t h e  design of M. Maurice Roy, is a 

v e r t i c a l  open loop. 



It runs  i n  'kpur tsPq under t h e  a c t i o n  of g rav i ty ,  wi th  t h e  fne~p i tab le  

requirements of t h i s  type of device: r e f i l l i n g ,  s e t t l i n g ,  l imi ted  test 

dura t ion,  v a r i a b l e  pressure ,  e t c ,  

There a r e  a c e r t a i n  number of interchangeable test sec t ions ,  whose 

geometric and hydraulic c h a r a c t e r i s t i c s  a r e  l i s t e d  Pn the  following table ,  

' , 

'2.2. - Models (Figures 5 and 6) - 

The d i f f e r e n t  model types and t h e i r  mounting i n  the  t e s t  s e c t i o n  of the 

tunnel  a r e  analogous t o  those used i n  wind tunnels .  

Their  respect2ve advantages and disadvantages have been described 

s e v e r a l  t i m e s  [3 ] ,  

The models are genera l ly  made of b rass  o r  pPexiglass, o r  else east fn 

p l a s t i c  141. Their  i n t e r n a l  s t r u c t u r e ,  which is  more or  l e s s  complicated, 

contains t h e  channels necessary f o r  i n j e c t i n g  colored l i q u i d ,  o r  folr removal 

or  addi t ion  of f l u i d  f o r  tests with a s p i r a t i o n  o r  ;entinge 

- Visual iza t ion Methods - 

The d i f f e r e n t  techniques f o r  v i s u a l i z i n g  hydraulic flows a r e  q u i t e  

numerous [5 ] ,  and some have been t e s ted  a t  t h e  O.N.E.R.A. tunnel  [ 6 ]  and 971, 

Only t h e  two procedures which have been used f o r  most of the  experiments /3 
w i l l  be mentioned here: 

2.3.1. - I n j e c t i o n  of colored l i q u i d  [8] - 
This procedure has been perfected i n  c e r t a i n  respec t s  t o  s a t i s f y  

condit ions imposed by d i f f e r e n t  problems - i n  p a r t i c u l a r ,  by boundary-Payer 

s t u d i e s  [9] to  [ l l ] ,  





- homogenized milk (giving t h e  necessary opaci ty  f o r  photos) ,  

- alcohol ( t o  r e s t o r e  t h e  exact  dens i ty  of t h e  water) ,  

- dye ( t o  f a c i l i t a t e  ind iv idua l i za t ion  of t h e  d i f f e r e n t  colored 

s t reamle t s ) ,  and espec ia l ly  water (which almost completely 

e l iminates  t h e  v i s c o s i t y  d i f fe rence) .  

I n  some cases,  use  s f  a  red dye which rap id ly  tu rns  green on d i l u t i o n  

he lps  r e v e a l  zones of separa t ion,  zones of je t  mixing wi th  ex te rna l  f l o w ,  

and even regions s f  t r a n s i t i o n  from laminar t o  turbulent  flow (Figure 7 6 ) ) .  

Pniectors:  Di f fe ren t  types s f  i n j e c t o r s  and modes of i n j e c t i o n  have 

been used; t h e i r  advantages, disadvantages, and applications 

a r e  given i n  the  following t ab le .  

Modulation of in jec ted  flow: The d o t t i n g  s f  t h e  stream l i n e s  obtained & 
t h i s  way allows: 

- simple marking s f  each element of t h e  milky s t reamlet  9121, 

- evaluat ion of v e l o c i t i e s  along t h e  d i f f e r e n t  s t r eamle t s  

(Figure 23) .  

In  t h e  case of i n j e c t i o n  of a small  flow a t  a wa l l ,  t h i s  mduPat ion  

gives rise t o  waves which a r e  displaced downstream, and a r e  progressfvely 

deformed under t h e  inf luence  s f  v e l o c i t y  d i f fe rences  i n  the  f l o w ,  En 

t h i s  way, the  v e l o c i t y  p r o f i l e  can be determined (Figure 61) [ E 3 ] .  

2.3 .2 .  -Use of a i r  bubbles [I41 and 1151 - 
. . 

By t h i s  technique,, one can ob ta in  a very high dens i ty  d i s t r i b u t i o n  

of bubbles wi th in  t h e  f l u i d  wi th  remarkable homogeneity (diameter from 1 / 2 0  

t o  1/10 mm). A l l  t h a t  is required is add i t ion  of an emuls i f ier  t o  the water 

during f i l l i n g  . 



Cn 
Type of 
i n j e c t o r  

Holes on model 
su r f  a c e  

Ramp of holes  

Single-emis-~ 
s ion  probe 

Advantages 

- no wake 

- con t ro l  i s  easy 
and independent of 
flow from each hole  

- extended v i sua l i za -  
t i o n  of t h e  whole aero- 
dynamic f i e l d  

v i s u a l i z a t i o n  upstream 
of t h e  model with 
minimum p e r t u r b a t i o n  

Disadvantages I Main uses 
(s teady-s ta te  

regime) 

- l imi ted  v i s u a l i -  v i s u a l i z a t i o n  of  
za t ion  near  wing streamlines of : 

- beginning of a  I - e x t e r i o r  flow 
s t r eamle t  from t h e  (high-rate) 
hole  i s  not  a  - flow wi th in  t h e  
s t reamline  ( j e t  
e f f e c t )  

boundary l a y e r  
(low-rate) 

- d i f f i c u l t ;  - p a r i e t a l  f low 
l imi ted  number of (quasi-zero flow) 
holes  

See Figures 64 and 
65, 

- wake of t h e  ramp behavior of stream 
f i n e s  i n  the  - d e l i c a t e  adjus t -  e n t i r e  aerodynamic 

ments f i e l d  
- necess i ty  of See Figures 19 to 
plac ing t h e  ramp i n  
the  c6nverger 23 

- necess i ty  of a 
converger with a 
high con t rac t ion  
r a t i o  

sheet (depending - de l i ca t e  a d j u s t -  on the model of 
m e r a t s  the prohe) 

Other uses 

Showing regions of 
separa t ion ,  of "dead" 
water,  of wake by 
i n j e c t i o n  f o r  s h o r t  
periods i n t o  these  
regions.  Coloring 
of j e t s  (venting) 

See Figures 1% and 
18, 

This can be super- 
posed on the  bubble 
method , 

See Figures 38 and 
48. 

Revealing regions of  
turbulence (mixing 
of colored l i q u i d s ,  
d i l u t i o n  of colored 
l iqu id )  . 
See Figures 6 6 ,  70 
and 73 .  



me air  bubbles show t h e  flow i n  t h i n  t ransverse  o r  long i tud ina l  cross- 

sec t ions  of t h e  test s e c t i o n  (see Figures 33 and 8, r espec t ive ly ) .  Depending 

on t h e  exposure time, photographs record the  t r a j e c t o r i e s  (Figure 44) o r  

small elements s f  the  t r a j e c t o r i e s  s f  t h e  bubbles (Figure 45) projected on the  

p lane  v i sua l i zed ,  

For s teady-s ta te  laminar flow, these  t r a j e c t o r i e s  c o r r e c t l y  represen t  

'stream l i n e s  except i n  regions  of very high normal acce le ra t ion ,  

Zones of very  Pow v e l o c i t y  genera l ly  end up empty of bubbles, This Is 

t h e  case f o r  t h e  boundary l ayer  i n  contact  wi th  t h e  su r face  of a model when 

the  flow i s  laminar (see Figure 15).  

Any turbulence i s  shown by the  disappearance of t h i s  bubble-free layer 

and t h e  presence of t r a j e c t o r i e s  which i n t e r s e c t  (see Figure 1 6 ) -  

For steady-state laminar flow, t h e  s m l P  elements of t h e  t r a j e c t o r i e s  

r evea l  t h e  behavior of t h e  v e l o c i t y  f i e l d ,  and i n  c e r t a i n  cases allow lines 

of constant  v e l o c i t y  t o  be  traced.  
d 

I - 

2.4. - The apparatus - 

The e n t i r e  apparatus is now being used f o r  adjustment and measuraen t  

of t h e  parameters (see  Figures l t o  6 1 ,  f o r  recording (v isual ,  photographic, 

and cinematographic), and f o r  a n a l y s i s  of tests (p ro jec to r s ) .  

We s h a l l  merely mention use  of c e r t a i n  devices during tests t o  produce 

slow and continuous v a r i a t i o n s  of c e r t a i n  parameters (incidence of a model ,  

s e t t i n g  of a f l a p ,  pos i t ion  of a j e t  engine, v e l o c i t y  and d i r e c t i o n  of a j e t ,  

etc . ) .  

Systeriat ic  use  of cinematographic recording (16 mm) makes poss ib le :  



/-- 

// ' 

1) production of s h o r t  f i lms,  easy t o  d i s t r i b u t e ,  which su 

series of tests, 

2) convenient s tudy of c e r t a i n  phenomena 

- by repeated p ro jec t ion ,  

- by the  l a r g e  scale of t h e  p ro jec t ions  (vf ews of detai3.s) :, 

- by slow-motPom ( fo r  r ap id  flows) 

o r  by accelera ted  p ro jec t ion  ( t o  show t h e  continuous variatfon 

of a parameter which must be  slow during t h e  test t o  esnseme 

quasi-s teady-s t a t e  f low) , 

3) comparison, v i a  composite views, of s e v e r a l  flows corresponding t o  & 
test condit ions which a r e  i d e n t i c a l  except f o r  one parameter: 

f o r  example, 

juxtaposed views s f l t o p  and bottom surfaces ,  of exterfor 

flow and p a r i e t a l  flow, of flow around models of d i f f e r e n t  

shapes, 
4 

2 ,  

o r  e l s e ,  

superposed views of flow wi th  and without venting [in thls 

case,  each flow is visua l i zed  with a d i f ferent ly-colored 

l i q u i d  (see Figures 73 and 7411. 

3,  Some Examples of Aerodynamic ~ t u d i e s ' ~ '  

3.1, - Example No. 1: "Study of stream deflectors9" 

(Example of t e s t s  ca r r i ed  out  i n  the  f r e e  seetfsn) 

( 2 ) I t  is  important t o  note  the  considerable con t r ibu t ion  of tbe  l a t e  
M. Maxime Degorce, Technician, t o  the  t e s t s  ca r r i ed  out  during these latter 
years.  



A uniform f r e e  stream, f o r  example, t h a t  which emerges i n t o  the  free 

p a r t  of a test sec t ion ,  can be deviated by mechanical o r  pneumatic means* 

Di f fe ren t  types of d e f l e c t o r s  based on these  p r i n c i p l e s  have been tested 

i n  t h e  tunnel.  I n  each case,  i t  has been poss ib le  t o  determine the  mechanism 

of d e f l e c t i o n  and the  e f fec t iveness  of t h e  device s tud ied ,  

One method (Figure 7) c o n s i s t s  of a g r i l l  of four  superposed th in  vanes, 

placed a t  t h e  e x i t  of t h e  guided por t ion  of t h e  test sec t ion ,  The s e t t i n g  of 

t h e  vanes produces a stream d e f l e c t i o n  downstream of t h e  device.  The de- 

f l e c t e d  flow obtained is  r e l a t i v e l y  good, though f t  i s  marred by the  presence 

of a wake from the  vanes, and v o r t i c e s  appear a t  t h e  edges of t h e  stream 

(Figure 8) . 

A second mechanical device Ps made up of a s e t  of s p o i l e r s  placed n o r m 1  

t o  t h e  wa l l  i n  the  guided p a r t  of t h e  test sec t ion ,  near the  s t ep .  This s e t  

is  control led  by an o r i e n t a b l e  arm which permits  adjustment of the  angle 

between the  d i r e c t i o n  of the  upstream flow and t h e  l i n e  connecting the upper 

edges of the  s p o i l e r s  (see Figures 9 and l o ) ,  
d 

The flow over t h i s  device is character ized by separa t ion from the wall 

upstream of t h e  f i r s t  s p o i l e r ,  and a s t a b l e  vor tex  j u s t  ahead of each of the  

s p o i l e r s ,  

Although the  asymmetric p o s i t i o n  of the  system i n  t h e  test sec t ion  

e l iminates  p a r a s i t i c  wakes, i t  does, however, cause a c e r t a i n  nonunifsrmity 

of flow, and i t s  usefulness  i s  l imi ted  t o  small  d e f l e c t i o n  angles.  

Use of venting jets more o r  l e s s  normal t o  t h e  wa l l  of t h e  t e s t  sect ion 

i s  t h e  b a s i s  of the  so-called pneumatic d e f l e c t i o n  devices. . . 

The f l u i d  f l a p  i s su ing  from a venting s l i t  j u s t  upstream of the  step 

produces a devia t ion and contrac t ion of the  main stream, which a r e  funct ions  



I 

of t h e  angle  t h e  je t  makes with t h e  d i r e c t i o n  of t h e  upstream cur ren t  and of 

t h e  momentum-flow c o e f f i c i e n t  of the  jet ,  

The f low mechanism near t h e  jet  Ps character ized (Figures 11 and 13) :  2LGi 

- o n  the  one hand, by the  presence of a region of detachment from 

t h e  wa l l  upstream of t h e  venting s l i t ,  which contains a stable 

vor t e x  , 
- o n  the  o the r  hand, by induct ive  e f f e c t s  of t h e  j e t  over the  

whole length  of the  f l u i d  f l a p ,  which curves progress ively  

inward under t h e  e f f e c t  s f  the  genera l  current .  

I n  t h e  case of venting normal to  the  wal l ,  t h e  d e f l e c t i o n  and eontractfan 

obtained increase  wi th  the  momentum-flow c o e f f i c i e n t  s f  t h e  jet.  The de- 

f l e c t i o n  obtained can become l a r g e  (Figure 14). 

A device wi th  two symmetric jets is used t o  ob ta in  contrac t ion wi thout  

producing def l e c t i o n  (Figure 12) . 
5 

The r e s u l t s  of these  tests a r e  i n  good agreement with those given by 

G, Ernst  1161, 

Comparison among t h e  d i f f e r e n t  d e f l e c t o r s  makes evident  t h e  c l e a r  

s u p e r i o r i t y  of the  pneumatic techniques over t h e  mechanical ones when a 

l a r g e  de f lec t ion  i s  needed, with good uniformity of t h e  de f lec ted  stream, 

3 - 2 ,  - Example No. 2: "Laminar boundary l ayer  and turbulent  boundary layergL 

(Example of t e s t s  ca r r i ed  out  i n  t h e  reduced guided 

sect ion)  

. . 

The r e l a t i v e l y  extens ive  range of flow v e l o c i t i e s  obtained i n  the gufded 

t e s t - sec t ion  with reduced cross-sect ion makes i t  p a r t i c u l a r l y  suita.blle for 

s t u d i e s  involving turbulance. 



The example given he re  concerns t h e  boundary Payer of  a plane plate a t  

zero incidence i n  a uniform steady-state stream. 

The p l a t e  used has a r e l a t i v e  thickness of PO%, and is  rounded a t  the 

leading edge and beveled a t  t h e  t r a i l i n g  edge. 

A t  low v e l o c i t y  (Figure 153, laminar i ty  ~f t h e  boundary l a y e r  i s  eon- 

.firmed by t h e  presence s f  t h e  bubble-free Payer i n  contact  wi th  t h e  d w g  

surface,  and by t h e  h ighly  p a r a l l e l  stream l i n e s ;  i t  extends t o  a p o i n t  near 

t h e  t r a i l i n g  edge, The laminar s t r u c t u r e  s f  t h e  separa t ion a t  t h e  beginning 

of t h e  a f t e r  bevel  ( r e tu rn  stream along t h e  bevel ,  stream i n  t h e  sense of the 

genera l  flow near t h e  separa t ion surface) can be seen c lea r ly .  

When t h e  v e l o c i t y  i s  high (see Figure 161, t h e  laminar boundary Payer 

separa tes  near the  leading edge normal t o  the  d i scon t inu i ty  i n  curvature  of 

t h e  p r o f i l e ,  the  t r a n s i t i o n  i s  t r iggered,  and i s  followed by t h e  turbulent 

re-attachment described by MePwfl Jones [ I?] .  Af t  of t h i s  bulb a turbulent  

boundary Payer develops whose v e l o c i t y  f l u c t u a t i o n s  a r e  recorded i n  photos 

a s  disordered bubble t r a j e c t o r i e s .  I )  

Fina l ly ,  t h e  turbulent  separa t ion  which ends up on the  beveled p o r t i o n  

of t h e  t r a i l i n g  edge produces l e s s  wake than t h e  preceding case. 

3.3 .  -Example No. 3: "Study of planar flowsq'- 

(Example s f  s t u d i e s  i n  the  f l a t  test sec t ion)  

The f l a t  sec t ion  designed f o r  the  study of planar flows is  s i m i l a r  in 

c e r t a i n  respec t s  t o  t h e  hydraul ic  c e l l s  developed and used by E. Carafol i  and 

A. Toussaint [8] ,  by A. Favre [18], and by L. Sackmann [19]. 

Because of i ts  extens ive  range of flow v e l o c i t i e s ,  t h i s  device makes Pt 0 
poss ib le  t o  study d i f f e r e n t  flow regimes around an obs tac le  a s  a funct ion of 

t h e  Reynolds number: see Figures 17 and 18. 



Comparison between flow a t  the  center  of t h e  test s e c t i o n  ( F i m r e  19) and 

flow a t  t h e  w a l l  (Figure 20) shows t h a t  only t h e  former can be constdered 

planar.  The region empty of a colored l i q u i d ,  which appears near the Beading 

edge of the  p r o f i l e ,  i s  t h e  p lace  where r o l l i n g  motion was observed by %, 

Sackmann on a wa l l  near obs tac les  [191/. 

Another example of such research is t h a t  on vent ing a t  the  traPEing edge 

o f  a t runcated p r o f i l e  a t  zero incidence. Figures 21, 22, and 23 show t h e  

induct ive  e f f e c t s  of a jet  which "aspirates" t h e  colored s t reamle t s ,  as well 

a s  the  inf luence  of je t  o r i e n t a t i o n  on t h e  pos i t ion  of t h e  s t agna t ion  p o i n t ,  

The v a l i d i t y  of these  r e s u l t s  i s  corroborated by remarkable visualiza- 

t i o n s  i n  a i r ,  using smoke, by @, D. Perkins,  D, C. Hazen, and R. F, Eehnert 

[20] and [21], and, more recen t ly ,  by A. M. Eippisch 1221. 

3 . 4 .  - Example No. 4: "Study of p a r i e t a l  flows" - 
(TRls example and those which follow concern t e s t s  

i n  t h e  normal test sect ion)  
d 

Afte r  t h e  development of t h e  colored-emission technique, i t  was possible 

t o  take  up s t u d i e s  of r e l a t i v e l y  t h i n  boundary l ayers ,  a t  t h e  i n i t i a t i v e  and 

under the  d i r e c t i o n  of Re Eegendre. 

I n  the  case of s teady-s ta te  laminar flow, t h e  p a r i e t a l  stream lines of 

an obs tac le  could be revealed,  t h a t  is ,  the  l i m i t i n g  pos i t ions  of the  stream 

l i n e s  a s  they tend toward t h e  wa l l  s f  t h i s  obs tac le .  

The f i r s t  example is  the  study of an  elongated e l l i p s o i d  of revolut ion 

inc l ined  t o  the  flow (Figure 62) . 
. . 

Certa in  d i f f i c u l t i e s  i n  t h e  i n t e r p r e t a t i o n  of t h e  phenomena observed a t  

10" incidence near the  symmetry plane a t  t h e  beginning of separa t ion on the 

upper face  have contributed t o  a r ev i s ion  of customary ideas  about separa t ion,  

which a r e  too c lose ly  connected t o  i ts  well-known image i n  planar flow [IO]. 



This necess i ty  s f  giving a genera l  d e f f n i t i o n  of three-dimensional 

separa t ion  has l e d  t o  d i f f e r e n t  t h e o r e t i c a l  studies(3' 1231 and 124-1, whose 

desc r ip t ion  i s  beyond the  scope of t h i s  r e p o r t ,  and t o  c e r t a i n  t e s t s  which 

have confirmed t h e  exis tence  of d i f f e r e n t  s i n g u l a r i t i e s  and characteristic 

elements i n  p a r i e t a l  flow. 

These elements, described by Re Eegendre 1241, and c l e a r l y  v is ib le  i n  

.Figures  24 t o  31, a r e  the  following: 

- p o i n t  of i s o t r o p i c  convergence (umbilicus) a t  t h e  center  of t h e  ups t re= 

f a c e  s f  a d i s k  t r ans la ted  normal t o  i t s  plane (Figure 2 4 ) -  

- poin t  of conver~ence  i n  t h e  case of asymmetrfc separa t ion on t h e  bottom of 

a f l a t t e n e d  e l l i p s o i d  a t  2.5" incidence (Figure 25)- 

- l i n e  of separa t ion on the  upper su r face  s f  a swept wing wi th  nonzero 

incidence, "quasi-enveloped" i n  p a r i e t a l  s t r e a l  l i n e s  upstream 

( i n j e c t i o n  a t  the  leading edge) and downstream ( i n j e c t i o n  wi th in  

the  separated region):  see Figure 26. ' 

- p a r t i n g  l i n e  on t h e  bottom f a c e  s f  a swept wing wi th  nonzero incidence,  & 
between the  p a r t  of t h e  flow which bends along t h e  leading edge 

on the  upper su r face ,  and t h a t  which r e j o i n s  t h e  t r a i l i n g  edge 

d i r e c t l y  (Figure 27). 

- p a r t i t i o n  point  located  a t  the  i n t e r s e c t i o n  of t h e  separa t ion  Pine wi th  

t h e  median plane on the  top f a c e  of a f l a t t e n e d  e l l i p s o i d  of 

revolut ion wi th  nonzero incidence (Figure 28). 

- inward curve (very accentuated) of t h e  p a r i e t a l  stream l i n e s  toward the 

marginal f l u i d  f l a p  which e x i t s  normal t o  the  chord plane on the  

( 3 ) ~ o  t ab ly  t h a t  of E .. Eichelbrenner . 



bottom Pace of a rec tangu la r  wing of l imi ted  span, a t  zero 

incidence (Figure 29). 

The photo a l s o  shows the  o u t l i n i n g  of the  marginal edge by 

one p a r t  of the  upper p a r i e t a l  stream Pines. 

The study of marginal, o r  even perPpheraP, vent ing (Figure 

74) [25], belongs t o  t h e  systematic tests i n  t h e  tunnel  t o  def ine 

the  inf luence  of vent ing on the  flow around wings of d i f f e r e n t  

shapes and f o r  d i f f e r e n t  pos i t ions  of the  sl i ts  (Figures 7 1  and 

72) C261. 

- p o i n t ' o f  s p i r a l  convergence observed, f o r  example, on t h e  top face of a 

d e l t a  wing wi th  nonzero incidence (near t h e  t r a i l i n g  edge and a t  

about midspan om each half-wing f o r  incidence of 8"):  Figure  30. 

Examination of the  photo a l s o  shows t h e  divergence of the 

p a r i e t a l  stream Pines i n  the  c e n t r a l  por t ion  s f  t h e  top face  of 

t h i s  th ick  wing wi th  rounded leading edg'e, a s  wel l  a s  t h e  presence 

of a separated ~p?gion near each of t h e  twcr a f t e r  po in t s .  

Thfs study of p a r i e t a l  flow has been extended t o  the  case  of a t h i n  

d e l t a  wing wi th  pointed leading edge (Figures 64 and 65). 

The experiment has c a s t  l i g h t  on t h e  flow scheme proposed by B u r l e e  

Roy 1273 and 1281, i n  p a r t i c u l a r ,  t h e  shee t  r o l l e d  i n t o  a "cones' detached 

along the  leading edge (Figure 64). 

The s t r u c t u r e  of t h i s  f l o w  is seen again i n  t h e  p a r i e t a l  flow over the 

upper su r face  (Figure 6 5 ) ,  where one can d i s t ingu i sh :  . . 

- t h e  q u i e t  p a r t  of t h e  flow, located  i n  t h e  middle ( i n  r e d ) ,  



- the regton under the  "coneg', near  t h e  leading edge, where the 

f low *'returnso' toward the  leading edge, where separa t ion  f s 

produced ( i n  blue).  

1 Absence of turbulent  character  i n  t h e  flow over the  bottom sur face  
I 

I (Figure 67) con t ras t s  wi th  t h e  v o r t i c e s  on t h e  upper su r face  (Figure 66) 

. ,which i s s u e  from t h e  upstream point ,  and a r e  p a r t i c u l a r l y  we l l  organized a t  

higher incidences (i = 12') , 

A r e c e n t  s tudy has been a b l e  t o  o u t l i n e  the  nea r ly  conical  strueteare of 

such a flow [P2], 

A l l  these  observations i n  water 131 confirm t h e  r e s u l t s  of v i s u a l i z a t i o n s  

made i n  a i r  1291 and 6301. 

The mechanism of flow around a vor tex  generator  contains a nu111ber of 

t h e  c h a r a c t e r i s t i c  elements analyzed above ( ~ i g u r e  31). 

The generator  mentioned i n  t h e  example considts  of a small rec tangular  fi 
blade  wi th  small  span, arranged normal t o  t h e  upper w a l l  upstream of a 

rec tangular  wing, and placed a t  an angle t o  t h e  current .  

The p a r i e t a l  i n j e c t i o n s  reveal :  

// 

(1) t h e  p a r t i t i o n  point  and the  region empty of colored l i q u i d  upstream of 

t h e  leading edge, 

(2) t h e  po in t  of s p i r a l  convergence near t h e  t r a i l i n g  edge on t h e  upper face, 

the  po in t  of depar ture  of a vor tex  which follows t h i s  t r a i l i n g  edge 

before i t  jo ins  the  marginal vor tex  of the  wing. 



Among t h e  p r i n c i p a l  types of v o r t i c e s  whose s tudy has been undertaken 

a t  t h e  0,N.E.R.A. tunnel,  w e  should mention: 

- v o r t i c e s  a t  the  apex sf highly  swept wings, a s  discussed i n  t h e  preeedfng 

paragraph (see a l s o  [31]) ,  

-marginal  v o r t i c e s  of rec tangular  wings s f  l imi ted  span, which r e s u l t  either 

from venting (Figures 7 l  and 72) [ 2 6 ] ,  o r  from incidence (Pigeare 

60) - t h e  c l a s s i c  case which has been the  subject  of numerous 

publ ica t ions  [32] t o  [35], 

- v o r t i c e s  on t h e  upper su r face  of s lender  bodies inc l ined  t o  t h e  current  

(Figures 62 and 631, 

The v o r t i c e s  observed on a model s f  t h i s  type - f o r  example, on a 

cyl inder  tipped by an ogive without a po in t  - appear a t  about a O ,  are dis- .' 
placed progressively as a funct ion s f  t h e  incidence of the  model (Figure 341 ,  

and a r e  par t icuPar ly  w e l l  developed a t  high incidence, f o r  example, a t  i = 20" 

(Figures 32 and 33). 

Figure 33, which represents  a t ransverse  cross-sect ion s f  the  flow, 

shows t h e  exis tence  of a p a r t i t i o n  po ln t  s f  t h e  t ransverse  quasi-flow above 

t h e  two v o r t i c e s  and i n  the  symmetry plane. 

Studies  of a fuse lage  alone have been followed by those of var ious  

engine models, f o r  example, a fuse lage  wi th  a wing mounted i n  canard con- 

f i g u r a t i o n  with o r  without empennage, t o  i n v e s t i g a t e  t h e  i n t e r a c t i o n  of 

fuse lage  with forward and a f t e r  wings. 

Figure 35 gives the  example of a forward rec tangular  wing of very short 

span, whose incidence a i s  l o 0 ,  and of a s l i g h t l y  inc l ined  fuselage  ( 2  = 5")- 



The marginal v o r t i c e s  of t h e  forward wing a r e  d e f i n i t e l y  influenced by 

t h e  presence of t h e  cyl inder ;  examination of t h e i r  t r a j e c t o r i e s  i n  the pro- 

j e c t i o n  onto t h e  t ransverse  plane (Figure 36) shows t h a t  the  behavior of the 

curves,  t h e  d i r e c t i o n  of displacement, o r  even t h e  equil ibrium ( t r a j e c t o r y  

reduced t o  a point )  i n  the  t ransverse  p lane  depend c lose ly  on t h e  configuration 

parameters, 

These resuPts ,qual i ta tPvePy confirm t h e  theory s tudied by von Baranoff 

,6363. 

The presence of an  a f t e r  wing f u r t h e r  complicates t h e  flow, partlculasly 

a t  high incidences,  where the re  f s  a superposi t ion  of t h e  e f f e c t s  sf vortices 

produced by t h e  fuse lage  and by t h e  forward and a f t e r  wings (Figure 68), 

3 .6 .  - Example No. 6 :  ' P ~ n t e r a c t i o n  between e x t e r n a l  and i n t e r n a l  flows'v 

The e f f e c t  of a je t  leaving t h e  r e a r  of a model along t h e  EsngitudinaP 

a x i s  i n  planar flow, has  a l ready been mentioned i n  paragraph 3 - 3  (Figure 21). 
d 

I n  t h e  case of a n  elongated e l l i p s o i d  of revolut ion incl ined sP igKf ly  t o  

t h e  cur ren t ,  t h e  e f f e c t  of such a j e t  is extremely c lea r :  the  jet  literally 

a s p i r e s  the  Plow and makes every t r a c e  of separa t ion disappear (compare 

Figures 37 and 38 with  Figures 39 and 401, even i n  p a r i e t a l  flow (Figure 491, 

A r a t h e r  favorable e f f e c t  of i n t e r n a l  flow on ex te rna l  flow under l ines  

t h e  importance of t h e  problem - f o r  example, i n  the  case of the  exhaust of 

a je t  engine (Figure 69) [37].  

3 .7 .  - Example No. 7: "Study of separa t ion near t h e  leading edge" - 
. . 

The contr ibut ion of the  hydrodynamic tunnel  t o  the  immense problem of 

separa t ion-  i n  p a r t i c u l a r ,  t o  t h e  experimental study of t h e  condit ions f o r  

separa t ion near a leading edge - is  l imi ted  t o  revealsng t h e  flow mechanism, 



Due t o  v i s u a l i z a t i o n  by air bubbles, f t  f s  poss ib le  t o  determhne in 

each case: 

- t h e  behavior of t h e  stream Pines and the  pos i t ions  of t h e  

s tagnat ion,  separa t ion,  and t r a n s i t i o n  po in t s  (see Figure 4 4 1 ,  

- t h e  behavior of t h e  v e l o c i t y  f i e l d  (see Figure 45) and from 

t h i s ,  t h e  behavior of t h e  l i n e s  of constant  v e l o c i t y ,  

- t h e  ex ten t  and character  of t h e  separa t ion,  a s  we l l  a s  k~hetber  

re-attachment occurs (see Figure 4 6 1 ,  

- f i n a l l y ,  t h e  e f f i c iency  of d i f f e r e n t  methods of handling 

separa t ion,  notably t h a t  of t angen t i a l  venting with o r  witlzout 

adjustment of the  p r o f i l e  (breaking t h e  leading edge), which 

suppresses separa t ion completely ( see  Figure 471, 

This type of tangentfal-venting device e a s i l y  allows 

Plyperlifting of a wingfventiPated trai l ing-edge f l a p  cornPPination 

(see Figure 70) [ 4 2 ] .  

This experimental s tudy confirms the  exis tence  of d i f f e r e n t  types of 

separa t ion,  described by D, Kuchemann [38], among bthers :  

- flow without leading-edge separa t ion (Figure 42): t h i s  is t h e  case fo r  

low incidence, wi th  separa t ion appearing only beyond midchord, as 

has been determined during a previous study [ l 3 ] ;  

- flow wdth general ized detachment (Figure 43): t h i s  i s  t h e  case a t  high 

incidence. Separat ion begins a t  the  leading edge and has a r a t h e r  

reduced laminar p a r t ,  followed by a turbulent  region whicIl prolongs 

t h e  wake of t h e  wing; 

- flow wi th  a separa t ion bulb (Figure 44): t h i s  separa t ion charac te r i zes  

flow with high c i r c u l a t i o n ,  obtained,  f o r  example, by trailing-- 

edge venting (Figure 4 6 ) .  This l a t t e r  photo shows t h e  irkductive 

e f f e c t s  of t h e  j e t  leaving normal t o  the  chord, p r i n c i p a l l y  the 

presence of turbhlent  re-attachment near midchord. 



Fina l ly ,  t h e  tests have made apparent i n  each case t h e  i n f l u e ~ ~ c e  of t he  

p r i n c i p a l  parameters: Pncidence of t h e  p r o f i l e ,  c o e f f i c i e n t  of momentum flow 

of t h e  d i f f e r e n t  vent ing jets, e t c ,  

3.8 ,  - Example No. 8: "Hyperl if t ing by a de f lec ted  engine jetvw -- 

Hyper l i f t ing  of a wing can be obtained,  a s  mentioned i n  the  preceding 

.paragraph,  by t h e  a c t i o n  of a f l u i d  f l a p  leaving a venting s l i t  a t  the t r a i l i n g  

edge near ly  normal t o  t h e  plane of the  model. 

The poss ib le  app l i ca t ion  of t h i s  very pure method t o  r e a l  a i r c r a f t  would, 

however, Bead t o  a considerable complication of t h e  i n t e r i o r  s t r u c t u r e  of the 

a i r f o i l s ,  

W form which seems b e t t e r  adapted t o  a i r c r a f t  a rch i t ec tu re ,  a d  which 

has been the  ob jec t  of severa l  tests, espec ia l ly  by N.A.C.A. [391/, eons fs t s  

of d i v e r t i n g  the  je t  of an under-wing engine toward t h e  trailing-ed.ge f l a p ,  

The f l a p  conta ins  a s l i t  which enables t h e  je t  t o  pass over t h e  upper face, 

from which i t  leaves  t angen t ia l ly  (Figure 50). .' 

The work presented i n  t h i s  r e p o r t  only concerns flow i n  the  syrmeetry 

plane of t h e  engine-model ensemble, the  rec tangular  wing being f ixed bemeen 

t h e  wal ls ,  and t h e  l ikeness  sf the  engfne mounted on an  a r t i c u l a t e d  strut 

(Figure 6)" 
I- 

The d e f l e c t i o n  of t h e  engine je t  is obtained by mechanical means (flap, 

Figures 48 and 49) o r  pneumatic devices (aux i l i a ry  jet ,  Figures 50 and 511, 

whose e f f i c iency  is  comparable t o  the  d i f f e r e n t  types of d e f l e c t o r s  studied 

previously (Example No. 1 ) .  

The increase  i n  c i r c u l a t i o n  thus obtained (see Figures 48 t o  51) i s  

expressed, i n  p a r t i c u l a r ,  by displacement of t h e  s t agna t ion  po in t  and d i s -  

appearance of the  separa t ion regions observed i n  the  absence of  the  je t  

(Figure 73) .  



Study of t h e  Pnfluence s f  d i f f e r e n t  configurat ionaP and flow parmeters 

has thus  allowed u s  t o  def ine  t h e  following f o r  t h e  average test condftions: 

- t h e  minimum jet necessary, 

- t h e  maximum poss ib le  p o s i t i o n  of t h e  bending f l a p ,  

- t h e  optimum region f o r  fnstaPPing the  engine, 

- t h e  optimum con t ro l  of t h e  s e t t i n g  of the  d e f l e c t o r  f l a p  or 

j e t  d e f l e c t o r  ( t h e  l a t t e r  method is  c l e a r l y  super ior  t o  t h e  

former) , e t c .  

3.9.  - Example No. 9: "Transient s tudies"  - 

Without i n s i s t i n g  on t h e  d i f f i c u l t i e s  s f  v i s u a l i z a t i o n  and c o r r e c t  inter- 

p r e t a t i o n  of t e s t s  made ou t s ide  the  s teady-s ta te  region,  some examples o f  this 

type of research shoyld, however, be mentioned, They f a l l  i n t o  two categories: 

- per iod ic  motions: wing o r  f l a p  driven by f lapping o r  o s c i l l a t i o n ,  inter- 

mit ten t  venting jet ,  e t c , ,  such a s  planar nsnsteady movements w i t h  

constant  c i r c u l a t i o n  [ 4 0 ] .  
d 

- s t a r t i n g  motions: 

Example: d i s k  i n  t r a n s l a t i o n  normal t o  i ts  plane: 

Tes ts  r evea l  formation of a t o r o i d a l  vor tex  during s t a r t i n g  (Figures 

52 and 53) 1411. This vor tex  becomes disorganized,  and i s  replaced b y  a 

region of dead f l u i d  with a turbulent  boundary when the  s teady-s ta te  regime 

i s  es tab l i shed  (Figure 54). 

Example: sharp leadinn e d ~ e  with nonzero incidence: 

During s t a r t i n g ,  only a small p a r t  of the  upper s u r f a c e - n e a r  the  

end of the  leading edge is  the  s i t e  of separa t ion,  which appears a s  a vortex 

cyl inder  (Figure 55). 



"]Chis bulb of separa t ion  i s  transformed i n t o  general ized separa t ion 

when the  flow becomes steady-state (Figure 56). 

Example: t h i c k  p r o f i l e  a t  zero incidence: 

The d i f f e r e n t  phases s f  the  t e s t  a r e  character ized by: 

- absence of separa t ion and progressive thickening of the  

boundary l a y e r  (Figure 57) during the  f i r s t  p a r t  of s t a r t i ng ,  

- appearance of laminar separa t ion  which moves progress ively  

upstream, a s  we l l  a s  t h e  formation and development of two 

symmetric v o r t i c e s  on t h e  t r a i l i n g  edge (Figure 583 [4P] 

during t h e  second p a r t  of s t a r t i n g ,  

-boundary extension s f  the  separated region,  prolonged by 

a wake with a l t e r n a t i n g  v o r t i c e s  (Figure 59), t h e  f i n a l  

s t age  of the  s teady-s ta te  regime, 

4. Conclusion 

These few examples s u f f i c e  t o  show t h a t  the  hjrdrodynamic tunnel ,  despite 

i t s  l i m i t a t i o n s ,  can make a use fu l  contr ibut ion t o  aerodynamic research,  

Based e s s e n t i a l l y  on v i s u a l i z a t i o n ,  i t  al lows one immediately to grasp 

t h e  mechanism o r  t h e  broad o u t l i n e s  s f  the  most complex phenomena, us ing  only 

extremely simple and inexpensive methods. 

The wind-tunnel theore t i c ian  and experimenter w i l l  o f t e n  f i n d  guiding 

ideas  there ,  which a r e  necessary t o  a r r i v e  a t  a b e t t e r  comprehension of the 

phenomena without too many f a l s e  s t a r t s .  

I n  t h i s  respect ,  t h e  hydrodynamic tunnel  is one of t h e  b e s t  methods f o r  

teaching fundamental ideas  of f l u i d  mechanics. 
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Figure 1. The hydrodynamic tunnel. l - overflow; 2 - l e v e l  indicators ;  
3 - i n l e t  pipe; 4 - projectors  with adjustable  diaphragms f o r  illuwinatPon 
of cross-sections; 5 - extension of the  t e s t  sect ion;  6 - downstream con- 
verger; 7 - piping f o r  venting and aspira t ion;  8 - to  the main f l o w  of the 
tunnel t o  measure the ve loc i ty  of the flow; 9 - normal t e s t  sect ion;  LO - 
cont ro l  of colored in jec t ion ;  11 - valve-flowmeter assembly f o r  control  and 
measurement of the f l u i d  in jected or  removed; 12 - upstream converger (with 
honeycomb gr id ) ;  13 - reservoir  f o r  the  tunnel; 14 - reservoir  £01: colored 
f l u id  . 



Fightre 2, Free test s e c t i o n  ( d t h f n  
t h e  n o m l  sec t ion) ,  

l - supplementary upstream converger; 
2 - guided p a r t ;  3 - o r i e n t a b l e  
venting slits; 4 - f r e e  part; 5 - 
a s p i r a t i n g  slits. 

Figure 3,  Reduced gufded test sec- 
t i o n  (within the  normal sec t ion)  , 

1 - supplementary upstream con- 
verger;  2 - model mounted between 
t h e  wal ls ;  3 - i n l e t  f o r  colored 
l i q u i d  and incidence con t ro l ,  



Figure 4 ,  F l a t  guided t e s t  section 
(within t h e  normal sec t ion)  , 

P - supplementary upstream con- 
. verger;  2 - ramp of hole injectors 

f o r  colored l i q u i d  a t  the  center 
of t h e  sec t ion;  3 - ramp of h o l e  
i n j e c t o r s  a t  t h e  sec t ion  wall; 4 - 
model mounted between the walls; 

, 5 - i n l e t  f o r  colored P i q u i d  o r  
vented f l u i d  and incidence control; 
6 - supplementary downstream con- 
verger.  

Figure 5. E n t i r e  d e l t a  wfng mounted 
on an  a r t i c u l a t e d  s t r u t .  

Incidence of t h e  wing can be 
var ied  slowly and continuously 
during t h e  t e s t  without fn te r -  
rup t i n g  colored s t reamlets  . 



Figure 6 .  Rectangular wkng f ixed  t o  t h e  wa l l ,  wi th  model je t  engine 
mounted on a r t i c u l a t e d  parallelogram. During test, t h e  fo l lo~g ing  
can be var ied  : 

- s e t t i n g  of the  trai l ing-edge f l a p ;  
- p o s i t i o n  of the  engine; a l l  without i n t e r r u p t i n g  the 
- j e t  v e l o c i t y  and its* d e f l e c t i o n  

' 
flow of colored l i q u i d ,  

toward the f l a p  (obtained by an  
a u x i l i a r y  j e t )  . 

Example No. l - (Tests  in the f r e e  section) 

Figure 7. Diagram of t h e  device 
with superposed vanes. 

Figure 8. Flow def lec ted  by a g r i l l  
of vanes. 



Figure 9. Diagram of the flow mechanfsm 
over spoilers. 

Figure PO. Flow deflected by a set of 
spoilers, 

Figure 11. Diagram of the flow mechanism 
near a jet normal to the wall. 





Example No. 2 - q a ~ ~ ~ A I P  BOUNDARY LAYER AND TURBULENT BOUNDAPIP %PnYERBP 
[Tests i n  the  seduced guided sect ion)  

Figure 15, Low-velocity tes t ,  
(Laminar boundary l a y e r  and laminar 
s ep a r a  t i&n) . 

\ FLOW AROUND A PLATE MODEL WITH ZERO INCIDENCE 







Figure 21, Flow with jet  d i rec ted  t o  t h e  rear 
(a  = oO> 0 

Figure 22, .Flow wPth je t  
d i rec ted  downwards (a = 
= 4S0). 

mow AROUND A PROFILE 
WITH ORIENTABLE TMILLNG- 
EDGE JET. (Incidence of 
t h e  p r o f i l e  i = 0"). 

Figure 23. Flow ~ d t h o u t  
j e t  (with modulated 
milky in jec t ions )  , 



Example So, 4 - "STUDY OF PARIETAL FLOWSv' 

Figu re  24. Disk i n  trans-. F igu re  25. P a r i e t a l  f low on the Power 
l a t i o n  normal t o  i t s  plane.  s u r f a c e  of a f l a t t e n e d  e l l i p s o l d ,  
Umbilicus is shown. Inc idence  i = 2.5'. Asymmetrical 

s e p a r a t i o n .  P o i n t  of convergence f s  
shown ( p a r t i a l  view) . 

# 

Figu re  26. P a r i e t a l  f low on t h e  F igu re  27. P a r i e t a l  f low on the 
upper s u r f a c e  of a swept wing. lower s u r f a c e  of a swept wing, 
Inc idence  i = 14'. Thickness Inc idence  i = 17'. Thickness  
15%. Line  of s e p a r a t i o n  is  shown 15%. L ine  of s e p a r a t i o n  s f  the 
( p a r t i a l  view). lower f lows  (o r  b e t t e r ,  the 

p a r t i n g  l i n e )  i s  shown ( p a r t i a l  
view). 



Figure 28. P a r i e t a l  flow on t he  upper 
surface of a f l a t t ened  e l l i p so id  of 
revolution,  Incidence i = 15'. 
P a r t i t i o n  pofnt i s  shown. 

\ 

Figure 29. P a r i e t a l  flow on t he  lower surface  - 
of a rectangular wing of l imited span with 
marginal venting. Zero incidence. Effects  
of asp i ra t ing  the  f l u i d  f l ap  a r e  shown. 





~xaunple NO. 5 - q t ~ ~ ~  OF VORTICES~~ 

FLOW AROUND A BARE FUSELAGE 

6 

Figure  32. Views sf upper s u r f a c e  and p r o f i l e .  

F igure  33. Transverse s e c t i o n  of flow a t  
midlength of model (air-bubble method). 





Example No. 6 - ' q ~ N T ~ I R A ~ ~ ~ O N  BETWEEN EXTERNAL AND INTERNAL m a O ~ ~ "  

8 

FLOW AROUND AN ELONGATED ELLIPSOID OF REVOLUTION AT ZERO 
INCIDENCE I N  A STREAM OF VELOCITY Vo (Figs. 37, 38, 39, 40,  4 1 ) .  

Figure 37. Flow without jet.  Colored in jec -  
t i o n s  upstream of separa t ion .  

_ /- 

R i=QO a=5" 

Figure  3 6 ,  Inf luence  sf incidence on the  t r a j e c t o r y  of the 
marginal vor tex  of the forward wing i n  t h e  t r ansverse  
p lane  (OX corresponds t o  t h e  long i tud ina l  a x i s  s f  the 
fuselage;  r = r ad ius  sf fuse lage) .  



Figure 38, Flow wSLthaut jet 
visua l i zed  by a i r  b~ablbkes 
(wake colored by milky In- 
j ec t ion  of s h o r t  duration 
i n t o  t h e  separated region), 

Note - The photos obtained by t h e  air-bubble method represent  
long i tud ina l  sec t ions  s f  t h e  flow, passing through t h e  a x i s  
s f  r evo lu t ion  of the  model, 

Figbre 39, External  f Pow i n  the  
presence of a jet,  (Average 
v e l o c i t y  of jet = l o  Vo) . 

d 

Figure 40, Flow i n  the presence 
of a je t  v i sua l i zed  wEth air 
bubbles. (Average velocity 
of je t  = 10 Vo). 

- 

Figure 41. P a r i e t a l  flow i n  the  ' 

presence of a jet. (Average 
v e l o c i t y  of je t  = 10 Vo) . 



Example No, 7 - "S!EJDY OF SEP-TPOM ETEAR TEE LEADING ~ C ~ I S : "  

Figure 42. Flow without Peading-edge separa t ion  ( p r o f i l e  
WClh 64 A 8 10, zero incidence) . 

Figure 4 3 .  Flow with general  separa t ion ( p r o f i l e  NACA 
64 A 0 10,  10" incidence, no venting).  . . 





Figure 47'. Flow withrnult ip1e venting - one tangent ia l  j e t  near 
the  leading .edge (Cp = 0.4) . - one j e t  normal to  the  t r a f  l i n g  LE 
edge (CpTE = 0 . 8 ) . ( p r o f i l e  NACA 64 A 0 10, zero incidence, lead- 

ing edge broken) , 

Example No. $ - f B ~ ~ ~ ~ R L ~ ~ T I ~ ~  BY A DEFLECTED ENGINE JET" 

" Figure 48. View o f  f l o w  
with mechanical de f lec t ion  
(by f l ap)  of engine jet 

'' ( i n  white). Incidence of 
p r o f i l e  = 0'; s e t t i n g  of 
trai l ing-edge flap = 55"; 
average ve loc i ty  of engine 
j e t  = 12 V advanced 

0 ; 
engine pos i t ion ,  

Figure 4 9 ,  View of flow 
with mechanical deflec- 
t ion  (by f l ap)  of engine 
j e t  (uncolored) : 
Incidence of p r o f i l e  = 
= oO; s e t t i n g  of t ra i l ing-  
edge f l a p  = 55'; average 
ve loc i ty  of engine j e t  = 
= 15 V Q ;  advanced engine 

posi t ion.  



Figure 50, Diagram ofL the  mechanism s f  flow f o r  an engine j e t  
deflected by an aux?iliary j e t ,  

. . 

Figure 51. View of flow with pneumatic def lec t ion  of the  engine jet. 
Incidence of p r o f i l e  = 0'; s e t t i n g  of trailing-edge f l a p  = 75"; 
average ve loc i ty  of engine j e t  = 15 VO; re t rac ted  posi t ion of engine. 

Vo = velocf ty  of upstream current  



Example No. 9 - 

Figure  52. F i r s t  s t a g e  sf  s t a r t i n g ,  Figure 53. S t a r  tinge 

Figure 54. Steady s t a t e .  

DISK I N  TRANSLATION NOR&U, TO ITS PLANE (views of the  d iametra l  p lane) ,  



Figu re  55, S t a r t i n g ,  F igu re  56, Steady state* 

FLOW AROUND A PROFILE WPTH SJ3ARP LEADING EDGE, NONZERO INCIDEIVGE, 
- - 

Figu re  58. E a s t  s t a g e  of s t a r t i n g ,  

F i g u r e  57. F i r s t  s t a g e  s f  
s t a r t i n g  . 

Figu re  59. Steady state, 

. . 



Figure 61, Two-dimensional laminar separa t ion ( P r o f i l e  
NACA 64 A 0 10,  zero incidence). 

Modulated i n j e c t i o n s  i n  the  boundary l a y e r  ahead of 
separa t ion ( i n  white) and wi th in  t h e  separated region 
( i n  rose) .  



Figure 63. Flow around a con ica l  model. 
Views of upper su r face  and of p r o f i l e .  Incidence i =.20°.. 



COLOR PLATES No, 2 

FLOW AROUMlb A THIN D n T A  WING WITH POINTm LEADING EDGE - 

Figure  6 4 .  Exte rna l  flow. F igure  65. P a r i e t a l  flow, 

Views of t h e  upper s u r f a c e  - Inc idence  k = 3" - 

Figure  66. View of t h e  upper su r f ace .  F igure  67. View of t h e  Xswer  surface, 
Inc idence  i = 12" 

5 % 



COLOR PUTE No. 3 

Figure 6 8 ,  Flow'on ' the  upper su r face  of a model i n  
canard configurat ion.  

Incidence (fuselage,  forward wing, a f t e r  wing): 
1 = 1 2 O .  P a r i e t a l  flow on the  fuse lage  i n  white 
and green; cone v o r t i c e s  of t h e  a f t e r  wing i n  
white and red;  marginal v o r t i c e s  of t h e  forward 
wing i n  red.  The red shade of these  l a t t e r  v o r t i c e s  
on the  fuse lage  is due t o  the  l a t e r a l  l i g h t i n g ,  and 
allows them t o  be located  i n  space. ' 

Figure 69. Flow around a i r c r a f t  model wi th  simulat ion 
of engine operat ion.  

Incidence i = 0'; average i n l e t  v e l o c i t y  = V,; . - 

average v e l o c i t y  of engine j e t  = - 2 v,. (V0 - 
= ve loc i ty  of upstream current ) .  



= 5'; s e t t i n g  of f l a p  a = 60'. Above: i n su f f i c i en t  
venting; below: correct  venting. 

. - 



COLOR PLATES No, 4 

TRAILING-EDGE VENTING OF A ]RECTANGULAR WING OF 
LIMITED SPAN, ZERO INCIDENCE (Figs. 71 and 72) 

Figure 71. View of upper surface:  One can see the  
marginal vor tex  due t o  vent ing ,  and o u t l i n i n g  of 
the  t r a i l i n g  edge by colored s t r eamle t s ,  

. . 
Figure 72. V i e w  of lower surface:  P a r t  of t h e  

colored s t r eamle t s  i s  asp i ra ted  by t he  f l u i d  
f l a p  i s su ing  from the  s l i t ;  the  r e s t  goes on 
t o  feed the  marginal vortex.  




